Interleukin-32 (IL-32) is a multifaceted cytokine that promotes inflammation and regulates vascular endothelial cell behavior. Although some IL-32 isoforms have been reported to contribute to vascular inflammation and atherosclerosis, the functional role of IL-32α in vascular inflammation and atherogenesis has not been studied. Methods: IL-32α function was assessed in cells with transient IL-32α overexpression or treated with recombinant human IL-32α by western blotting and mRNA expression analysis. Vascular smooth muscle cell (VSMC) proliferation and migration was examined by BrdU incorporation and wound healing assays, respectively. In addition, the participation of IL-32α on vascular inflammation, arterial wall thickening, and atherosclerosis in vivo was monitored in human IL-32α transgenic (hIL-32α-Tg) mice with or without ApoE knockout (ApoE −/− /hIL-32α-Tg).
Introduction
Atherosclerosis is a chronic inflammatory disease of the arterial system that leads to myocardial infarction, ischemic stroke, and peripheral arterial disease [1, 2] . The vascular endothelium is composed of a monolayer of endothelial cells (ECs) lining the lumen of the blood vessels and has emerged as a key regulator of vascular homeostasis and functions, including cell adhesion and vascular inflammation, that are involved in the initial events of atherogenesis [3] [4] [5] . Pro-inflammatory stimuli and perturbed flow trigger signal transduction, gene regulation, endothelial cytokine secretion, and the upregulation of leukocyte adhesion molecules in ECs, ultimately resulting in endothelial dysfunction and vascular inflammation [6, 7] . These inflammatory responses in the vascular endothelium and recruitment of leukocytes into the subendothelial space stimulate the phenotypic change of the neighboring vascular smooth muscle cells (VSMCs) to a pro-inflammatory state, and these cells also play important roles in atherosclerosis [1, 8] .
Cytokines are involved in all stages of atherosclerosis and have a profound influence on disease pathogenesis [9] [10] [11] . A detailed analysis of local vascular inflammation and cytokine expression in atherosclerotic plaques revealed that a balance between pro-inflammatory cytokines-such as interleukin (IL)-1, IL-2, IL-12, interferon (IFN)-γ, and tumor necrosis factor (TNF)-α-and anti-inflammatory cytokines-such as IL-4, IL-5, IL-10, and IL-13-is crucial for lesion development [12] . IL-32 has also been implicated as a critical regulator of EC function and vascular inflammation [13] [14] [15] [16] ; therefore, it is likely to participate in the development of atherosclerosis. IL-32 is reportedly involved in the pathogenesis of chronic diseases including rheumatoid arthritis, inflammatory bowel disease, Alzheimer's disease, cancer, and diabetes [17] [18] [19] [20] [21] [22] [23] . Notably, IL-32 is expressed as several distinct isoforms generated through alternative splicing [24, 25] , suggesting the individual isoforms may play different roles and be expressed by different cell types. However, the functional specificity of each isoform regarding the regulation of EC inflammation and atherogenesis has not been fully studied. Three major isoforms (IL-32α, IL-32β, and IL-32γ) have been intensively studied thus far. IL-32β is the most inducible isoform in inflamed ECs [13] , and highly expressed in the human atherosclerotic arterial wall [16] , and propagates vascular inflammation [26] . IL-32γ has also been reported as a pro-inflammatory factor that contributes to atherogenesis and plaque instability by increasing the production of chemokine (C-C motif) ligand 2 (CCL2), soluble vascular cell adhesion molecule-1 (VCAM-1) and matrix metalloproteinases (MMPs) [16] . A previous evaluation implicated IL-32β and IL-32γ in vascular inflammation and atherosclerosis [16, 26] ; however, while IL-32α is the most prominently expressed isoform in unstimulated human ECs [13] , no evidence exists for a functional role of IL-32α in atherosclerosis. An earlier study by our group showed that IL-32α overexpression enhances IL-6 production in THP-1 human monocytic leukemia cells upon treatment with phorbol 12-myristate 13-acetate (PMA), but IL-6 upregulation was only weakly induced by IL-32α overexpression itself in the absence of PMA [27] . We have also shown that IL-1β, TNFα, and IL-8 were not induced by IL-32α overexpression in THP-1 cells [27] , suggesting that IL-32α may have distinct biological roles under different physiological conditions. Thus, the current study focused on investigating the functional roles of IL-32α in vascular inflammation and atherosclerosis, which have not previously been studied.
In the present study, we examined the roles of IL-32α in vascular inflammation and atherogenesis and its underlying mechanisms. Notably, human IL-32α
(hIL-32α) expression inhibited EC inflammation and VSMC proliferation and migration in vitro. Moreover, hIL-32α potently decreased arterial wall thickening and atherosclerotic plaque development in hIL-32α-expressing transgenic (hIL-32α-Tg) mice and apolipoprotein knockout (ApoE −/− )/hIL-32α-Tg mice by upregulating tissue inhibitor of metalloproteinase 3 (Timp3) and reversion-inducing cysteine-rich protein with Kazal motifs (Reck) by suppressing miR-205 processing.
Methods and Materials
The methods and materials are available the Methods section in the Supplementary Materials.
Results

Human IL-32α inhibits endothelial inflammation in vitro
To evaluate the biological functions of IL-32α on vascular inflammation and atherosclerosis, we initially tested the effect of IL-32α on endothelial inflammatory gene expression in vitro. Since IL-32 may regulate diverse intracellular functions through interactions among its different isoforms [25] , we used immortalized mouse arterial endothelial cells (iMAECs) that lack endogenous IL-32 expression, to rule out the possibility of interaction effects among endogenous IL-32 isoforms. Interestingly, iMAECs transiently transfected with an hIL-32α expression vector showed a significant reduction in TNFα-induced expression of the EC inflammation markers VCAM-1 and intracellular adhesion molecule-1 (ICAM-1) at the mRNA and protein level as compared to vector-only controls (Figs. 1A, B) . Moreover, we showed that treatment with recombinant hIL-32α protein (rhIL-32α) also effectively decreased TNFα-induced VCAM-1 and ICAM-1 expression in iMAECs (Fig. 1C) . Furthermore, in vitro monocyte-EC adhesion assays using THP-1 monocytes, iMAECs, and human umbilical vein endothelial cells (HUVECs) showed significantly decreased monocyte adhesion to TNFα-stimulated ECs in both hIL-32α-expressing and rhIL-32α-treated ECs compared with their controls (Figs. 1D, E) . In contrast, the monocyte-EC adhesion in unstimulated cells was not affected by hIL-32α overexpression or rhIL-32α treatment (Figs. 1D, E) . Taken together, these findings suggested that IL-32α might inhibit EC inflammation through regulating inflammatory gene expression. were cultured in 24-well culture plates for 24 h, then transfected with human IL-32α-expressing pcDNA3.1 + -6 × Myc vector (hIL-32α-vector) or control vector. After 24 h, cells were treated with recombinant tumor necrosis factor α protein (TNFα) (10 ng/mL; 24 h), and (A) VCAM-1 and ICAM-1 mRNA expression was determined by qPCR (data shown as mean ± SEM; n = 5, *p < 0.05 by Student's t-test) and (B) Myc-tag, IL-32α, VCAM-1, and ICAM-1 proteins were analyzed by western blotting. (C) iMAECs were treated with recombinant human IL-32α protein (rhIL-32α) for 24 h, and then treated with TNFα for 24 h. Cells were lysed and analyzed by western blotting with antibodies against VCAM-1 and ICAM-1, using β-actin as a loading control. For monocyte adhesion assays, iMAECs and human umbilical vein endothelial cells (HUVECs) were (D) transfected with hIL-32α-vector or (E) treated with rhIL-32α for 24 h, then treated with TNFα (10 ng/mL; 24 h), and THP-1 monocyte adhesion to endothelial cells was determined (data shown as mean ± SEM; n = 6, *p < 0.05 by Student's t-test).
Human IL-32α inhibits PDGF-BB-induced VSMC migration and proliferation in vitro
We next investigated the regulatory role of IL-32α on VSMC migration and proliferation using primary mouse VSMCs from the thoracic aorta of hIL-32α-Tg and non-Tg littermate control mice. VSMC migration and proliferation was assessed by wound healing assay and bromodeoxyuridine (BrdU)-incorporation assay, respectively. Since platelet-derived growth factor (PDGF)-BB is a primary stimulus for the abnormal VSMC migration and proliferation and a critical contributor to vascular diseases [28] . Notably, hIL-32α-Tg VSMCs exhibited a marked decrease in cell migration and proliferation in response to PDGF-BB as compared to those from non-Tg mice (Figs. 2A, B) . We further confirmed that rhIL-32α treatment also effectively inhibited PDGF-BB-induced cell migration and proliferation in non-Tg mice VSMCs (Figs. 2C, D) . We next sought to determine whether IL-32α could direct regulate genes associated with migration and proliferation. The results showed a notable decrease in proliferating cell nuclear antigen (PCNA) expression and ERK phosphorylation (p-ERK1/2)in Tg cells, whereas p21 expression was increased (Fig. 2E ). In addition, we showed that hIL-32α-Tg VSMCs also exhibited a marked reduction in MMP gelatinase activity, especially for MMP-2, which is important for VSMC migration (Figs. 2F, G) [29] . Taken together, these results demonstrated that IL-32α had an inhibitory effect on PDGF-BB-induced VSMC migration and proliferation, which likely occurred by regulating the expression of factors involved cell proliferation and migration and reducing MMP activity. VSMCs from non-Tg mice were treated with rhIL-32α (25-100 ng/mL) for 24 h in serum-free medium, then cells were treated with PDGF-BB (25 ng/mL; 24 h). (C) cell migration (n = 3) and (D) cell proliferation (n = 5) were determined as described above (data shown as mean ± SEM, *p < 0.05 by Student's t-test). Images shown in C are representative microscopy images for each group. (E) VSMCs were lysed and analyzed by western blotting with antibodies against PCNA, p21, phospho-ERK1/2, and total-ERK1/2, using β-actin as a loading control. (F) For in vitro MMP activity assays, cells were cultured in 96-well plates for 24 h, then treated with PDGF-BB (25 ng/mL; 24 h). MMP activity was determined by cell-based enzyme-linked immunosorbent assay (ELISA) using DQ™-gelatin (data shown as mean ± SEM; n = 8, *p < 0.05 as determined by Student's t-test). (G) To evaluate specific MMPs activity, cells were cultured in 6-well plates for 24 h, then treated with PDGF-BB (25 ng/mL; 24 h), then gelatinolytic activity (MMP-2; 72 kDa) was determined in culture medium using gelatin zymography followed by Coomassie blue staining. GM6001 (40 μM), a broad-spectrum MMP inhibitor, was used as negative control. Bar diagrams presented fold change of MMP-2 considering the serum-free control density as 1 (data shown as mean ± SEM, n = 3, *p < 0.05 as determined by Student's t-test).
Human IL-32α expression inhibits vascular adhesion protein expression and arterial wall thickening in mice Next, we examined whether our in vitro findings were relevant in vivo using hIL-32α-Tg mice. First, we verified arterial hIL-32α expression in Tg mice with reverse transcription-polymerase chain reaction (RT-PCR) and immunohistochemistry. As expected, IL-32α mRNA and protein were clearly expressed in hIL-32α-Tg mice arteries, particularly in the endothelial layer, but not in those from non-Tg littermate controls ( Fig. 3A; Supplementary Fig. 1 ). Interestingly, we also found that basal VCAM-1 and ICAM-1 expression was lower in the aortas of hIL-32α-Tg mice as compared to non-Tg counterparts (Figs. 3B-E) . We next investigated whether IL-32α could induce VCAM-1 and ICAM-1 gene expression changes in arteries during vascular inflammation and atherosclerosis. For this, we employed the partial carotid ligation model, a mouse model of acute vascular inflammation and atherosclerosis [30, 31] . For this, endothelial-enriched RNA was collected from the partially-ligated left common carotid artery (LCA) and untouched right common carotid artery (contralateral control, RCA) of hIL-32α-Tg and non-Tg mice at 48 h post-ligation as previously described [30] . As expected, increased endothelial VCAM-1 and ICAM-1 expression was observed in partially ligated LCAs compared to that in the untouched RCA in non-Tg mice as previously shown [30, 31] . In comparison, hIL-32α-Tg mice showed reduced VCAM-1 and ICAM-1 expression in LCA as compared to those in non-Tg mice (Fig. 3F) .
To assess the impact obesity on arterial wall thickening, we compared carotid artery wall thickness using the same ligation model in mice fed a high-fat diet. Significantly, partial LCA ligation induced arterial wall thickening-characterized by increased VSMCs in the intima-media and artery wall-in non-Tg mice fed a high-fat diet for 4 weeks, whereas hIL-32α-Tg mice showed significantly smaller lesion areas and arterial wall thicknesses (Figs. 4A-E). We further found that VCAM-1 and ICAM-1 expression in endothelium was dramatically decreased in hIL-32α-Tg-mice with LCA compared to non-Tg counterparts (Figs. 4F, G) . These results clearly demonstrated that IL-32α overexpression inhibits vascular adhesion protein expression and arterial wall thickening. 
Identification of genes regulated by human IL-32α in the mouse arterial endothelium
Since IL-32α appeared to an effective regulator of vascular inflammation and arterial wall thickening, we decided to perform a DNA microarray study using endothelial-enriched RNA obtained from the carotid arteries of hIL-32α-Tg and non-Tg mice 48 h post-partial ligation. As shown in the heat maps (Fig.  5A) , the results showed remarkably low variation within each group, demonstrating the reproducibility of the data. Notably, we found 2195 genes (1876 upregulated and 261 downregulated) significantly altered by ≥2-fold in hIL-32α-Tg mice when assuming a 10% false discovery rate (Fig. 5C ), while 4251 genes (3557 upregulated and 517 downregulated) were changed in the non-Tg LCA endothelium (Fig. 5B) . Moreover, 487 genes (431 upregulated and 56 downregulated) were significantly changed (> 2-fold) in the untouched RCA endothelium of hIL-32α-Tg mice compared with non-Tg counterparts (Fig. 5D ). In contrast, 33 genes were significantly upregulated, whereas 336 genes were significantly downregulated in the partially ligated LCA endothelium of hIL-32α-Tg mice compared to that in the non-Tg mice LCA endothelium (Fig. 5E ). These findings suggest that IL-32α modulates the expression of endothelial genes under both intact and atherogenic conditions. Since the purpose of this microarray was to identify IL-32α regulatory genes involved in its inhibitory role on endothelial inflammation and atherosclerosis, we focused on the 369 genes whose expression significantly differed between LCA endothelium samples from hIL-32α-Tg and non-Tg mice. The detailed list of the significantly changed genes is shown in Supplementary Table 1. non-Tg RCA, and (E) hIL-32α-Tg LCA vs. non-Tg LCA after ligation. Genes are shown that were up-regulated (red) or down-regulated (blue) (2192≥2-fold difference) at a false discovery rate of ≤10% in LCA compared with RCA. Microarray results for selected (F) pro-atherogenic and (G) anti-atherogenic genes are shown as the fold-increase or fold-decrease of gene expression in hIL-32α-Tg LCA compared with that in non-Tg LCA on a log2 scale (mean ± SEM). All genes shown in the graphs were significantly different between groups (n = 3, p < 0.05 as determined by Student's t-test).
To understand the functional importance of these significantly changed genes at the systems level, we performed co-expression network analysis on the microarray data. Of the 23 co-expression modules, the IL-32α_M14 module was significantly associated with hIL-32α expression in the mouse model of endothelial inflammation and atherosclerosis (Supplementary Table 2 ). In particular, analysis of the hIL-32α-Tg mice LCA endothelium showed a significant downregulation of genes involved in the immune and inflammatory responses, cell migration, and apoptosis (Supplementary Fig. 2; Supplementary Table 3 ), suggesting that hIL-32α overexpression may directly inhibit immune and inflammatory gene expression in this context.
We then compared the network associated with IL-32α to that from a previous cell culture study to further explore potential physiological mechanisms. For this, we generated a co-expression network from publicly available microarray data on TNFα-stimulated HUVECs without and with exposure to anti-inflammatory oligomeric procyanidins (OPCs) [32] . Of the 25 co-expression modules, two were significantly associated with exposure to the oligomers in TNF-α treated HUVECs (Supplementary Table 4 ). Specifically, the OPC_M18 module-consisting of genes related to apoptosis, cell migration, and cell cycle-was negatively associated with OPCs treatment (Supplementary Table 5 ), while the opposite was found with the OPC_M25 module that includes genes related to viral immunity, angiogenesis, and immune response (Supplementary Table 6 ). A substantial number of nodes (genes) were shared between the IL-32α_M14 module and the 2 modules associated with OPC treatment (Supplementary Fig. 3 ), suggesting while IL-32α may directly inhibit the expression of genes involved in the immune and inflammatory responses, OPCs may also regulate these genes indirectly.
To further explore the functional importance of IL-32α-regulated genes, we performed functional annotation analysis on the list of the significantly changed genes. Notably, KEGG pathway analysis showed a marked enrichment in genes involved in disease processes mediated through changes in signal transduction, cell adhesion, cell proliferation, cell differentiation, cell cycle, immune response, inflammatory response, cell behavior, and apoptosis (Supplementary Table 7 ), such as autoimmune diseases, cancer, diabetes, and cardiovascular diseases. These include inflammation (Il1b, Esm1, Prg4, Ccl17, Ccl22, Ccl3, Il1r2, Il1f9, Cxcr2, Cxcr4, Il18rap, Ccr1, and Il17ra), adhesion molecules (Pgm5, Itgax, and Cd80), cell response (Hba-a2), and extracellular matrix (ECM) degradation (Timp3, Reck, Mmp9, Mmp12, Adamts4, and Vcan). Genes related to inflammation, cell cycle, and cell proliferation that showed significant changes in expression are listed in Supplementary Table 8 . Moreover, we found that several pro-atherogenic genes were downregulated (Fig. 5F ), whereas anti-atherogenic genes were upregulated in the hIL-32α-Tg LCA endothelium (Fig.  5G) . These results suggested that hIL-32α expression modulates genes that regulate inflammatory and immune responses, as well as those involved in cell proliferation and migration in the mouse arterial endothelium.
Human IL-32α inhibits endothelial inflammation and VSMC activation by upregulating Timp3 and Reck
Timp3 and Reck are endogenous vascular protective genes reported to have functional importance in vascular disease development and progression [33, 34] . As such, we decided to focus on these genes to determine the functional significance of IL-32α in vascular dysfunction and disease. Importantly, quantitative polymerase chain reaction (qPCR) and immunohistochemistry analysis showed that Timp3 and Reck mRNA and protein expression were significantly decreased in partially-ligated LCA compared with contralateral RCA in non-Tg control mice (Figs. 6A, B) , consistent with previous findings [34, 35] , but upregulated in the LCA and aorta tissue from hIL-32α-Tg-mice LCA (Figs. 6A, B; Supplementary Fig. 4A ). This result was further confirmed in hIL-32α-overexpressing and rhIL-32α-treated ECs in vitro ( Fig. 6C; Supplementary  Fig. 4B ). In addition, endothelial constitutive nitric oxide synthase (eNOS; Nos3) mRNA expression was decreased in the non-Tg LCA endothelium by partial ligation, but upregulated in hIL-32α-Tg-mice ( Supplementary Fig. 5A ). Moreover, IL-1β and MMP9 were markedly downregulated in hIL-32α-Tg-mice LCA endothelium compared with that of controls ( Supplementary Figs. 5B, C) . These results demonstrated that hIL-32α expression rescues the loss of endogenous vascular protective genes (Timp3, Reck, and eNOS) and suppresses pro-atherogenic genes (IL-1β and MMP9) in inflamed vascular arteries.
Since we confirmed that IL-32α positively regulates Timp3 and Reck expression, we next tested whether IL-32α could inhibit EC inflammation and VSMC proliferation and migration. For this, we performed monocyte-EC adhesion assays and VSMC proliferation and migration assays with cells transfected with siRNA specific to Timp3 or Reck. Notably, we found that the inhibitory effect of hIL-32α on monocyte-EC binding was attenuated by Timp3 or Reck knockdown in iMAECs and HUVECs (Fig. 7A) , as well as VSMC proliferation and migration in hIL-32α-Tg mice VSMCs (Figs. 7B, C) . Because Timp3 and Reck are endogenous MMP and a disintegrin and metalloprotease (ADAM) inhibitors, we next examined their importance in IL-32α-mediated MMP and ADAM inhibition. The results showed that IL-1β-induced soluble-TNFα release into the conditioned medium-an indicator of ADAM17 (also known as TACE) activity-was reduced in hIL-32α-expressing iMAECs, and was attenuated by the knockdown of Timp3, but not Reck (Fig. 7D) . Interestingly, the decrease in IL-10 production mediated by IL-1β was rescued in hIL-32α-expressing iMAECs, which was attenuated by knockdown of either Timp3 or Reck (Fig. 7E) . In addition, IL-32α-dependent MMP inhibition in VSMCs was also blunted in Timp3 or Reck knockdown cells (Fig. 7F) . Together, these results indicated that IL-32α upregulates the Timp3 and Reck expression, which in turn inhibits EC inflammation and VSMC proliferation and migration. 
. IL-32α inhibits EC inflammation and VSMC proliferation through Timp3 and Reck. (A) iMAECs and HUVECs were transfected with Timp3 or
Reck siRNA (siTimp3 or siReck, 150 nM) in the presence of human IL-32α-expressing pcDNA3.1+-6×Myc vector (hIL-32α-vector). Cells were then treated with TNFα (10 ng/mL; 24 h), and monocyte-EC adherence was determined (n = 6 each). (B-C) VSMCs isolated from the thoracic aortas of hIL-32α-Tg and non-Tg mice were transfected with siTimp3 or siReck (150 nM), then VSMC (B) proliferation and (C) migration were determined by wound healing (n = 3) and BrdU incorporation assays (n = 5), respectively, as described in Methods. Images shown in C lower panels are representative microscopy images of each group. (D-E) iMAECs were transfected with siTimp3 or siReck (150 nM), then stimulated with IL-1β (10 ng/mL), and (D) soluble TNFα and (E) IL-10 in conditioned media was determined by ELISA (n = 3). (F) VSMCs isolated from the thoracic aortas of hIL-32α-Tg and non-Tg mice were transfected with siTimp3 or siReck (150 nM), then MMP activity was determined by cell-based ELISA using DQ™-gelatin (n = 8). All data shown as mean ± SEM, *p < 0.05 as determined by Student's t-test.
IL-32α inhibits miR-205 expression by regulating microRNA biogenesis
Previous studies demonstrate that miR-205 blocks Timp3 and Reck expression through direct binding to their 3ʹ untranslated regions (3′UTR), causing EC inflammation, vascular dysfunction, atherosclerosis, and abdominal aortic aneurysm (AAA) [33] [34] [35] . Moreover, miR-205 interacts with IL-32 in prostate cancer cells to regulate cell cycle and viability [36] . Consistent with previous studies [33] [34] [35] , our dual-luciferase reporter assay confirmed that miR-205 directly binds to the 3′UTR of Timp3 and Reck and inhibits their expression in iMAECs ( Supplementary Fig. 6 ). However, it is unknown whether the regulatory role of IL-32α on Timp3 and Reck expression has any association with the expression and function of miR-205. To address this knowledge gap, we focused on miR-205 to investigate the possibility that IL-32α might increase Timp3 and Reck expression by downregulating miR-205 even if other miRNAs may be involved in this phenomenon.
Thus, we first examined whether IL-32α could regulate miR-205 expression in ECs. Consistent with a previous study [34] , miR-205 expression (both precursor and mature forms) was upregulated in partially-ligated LCA endothelium compared with RCA in non-Tg mice, and markedly decreased in hIL-32α-Tg LCA compared with that in non-Tg LCA (Fig. 8A) . We further confirmed that IL-32α overexpression significantly suppressed TNFα-induced miR-205 expression in both iMAECs and HUVECs (Fig. 8B) . These results demonstrated that IL-32α effectively inhibits miR-205 expression in inflamed ECs in vitro and in vivo. To examine the biological relevance of IL-32α-dependent miR-205 downregulation, we examined whether IL-32α was sufficient to rescue Timp3 and Reck expression in cells treated with a miR-205 mimic. Consistent with previous studies [33, 34] , treatment with the miR-205 mimic (mature form) significantly decreased Timp3 and Reck expression in iMAECs ( Supplementary Fig.  7A ), and was unable to be rescued by hIL-32α expression (Supplementary Fig. 7A ). In addition, miR-205-induced monocyte-EC adhesion and VSMC proliferation and migration were not altered by hIL-32α expression (Supplementary Figs. 7B, C) , suggesting that IL-32α suppresses miR-205 expression but may not otherwise influence its biological functions. Since IL-32α was unable to affect the biological functions of miR-205, we speculated that it might inhibit miR-205 expression by regulating miRNA biogenesis. Thus, we first investigated whether IL-32α affected the expression of Dgcr8, Drosha, and Dicer1, which are important components of the canonical miRNA biogenesis pathway [37, 38] . Interestingly, Dgcr8 and Dicer1 expression was significantly decreased in hIL-32α-Tg mice LCA endothelium compared with that of non-Tg mice LCA, whereas Drosha was increased (Fig. 8C) . These results suggest that IL-32α may inhibit miR-205 biogenesis by regulating Dgcr8 and Dicer1 independent of Drosha. To confirm this theory, we knocked down Dgcr8 and Dicer1 using specific siRNAs, and then analyzed miR-205 expression in ECs. Notably, Dgcr8 and Dicer1 knockdown significantly decreased mature miR-205 expression in iMAECs, whereas the Drosha knockdown cells showed an insignificant increase in miR-205 expression (Fig. 8D) . These results indicated that miR-205 is processed via a Dgcr8-and Dicer1-dependent mechanism, but independent of Drosha. Additionally, we found that Dgcr8 and Dicer1 knockdown inhibited monocyte-EC binding and VSMC proliferation and migration ( Supplementary Figs. 8A, B) , suggesting that Dgcr8 and Dicer1 have important roles in EC inflammation and VSMC activation.
To further investigate the regulatory role of IL-32α on Dgcr8 and Dicer1 expression, we performed a Gene Ontology (GO) analysis using GeneMania (http:www.genemania.org) to generate interaction networks between IL-32α and Dgcr8 and Dicer1. This strategy uncovered tight networking of the 3 input genes (IL-32, Dgcr8, and Dicer1) with 20 associated genes including Tarbp2 and Ago2, which are well-known miRNA processing cofactors ( Supplementary Fig. 9 ). Of these 20 genes, we selected Rprd2, Khsrp (also known as KSRP), and Ddx5 as IL-32α-regulated components that may have important roles in the regulation of Dgcr8-and Dicer1-dependent miR-205 biogenesis based on their known roles in RNA synthesis and miRNA processing [39] [40] [41] [42] . The qPCR results showed increased Rprd2 and Ddx5 mRNA expression in partially-ligated LCA as compared to unligated RCA in non-Tg control mice, while that of Khsrp was not significantly changed ( Fig. 8E; Supplementary Fig.  10A ). Interestingly, we found that expression of Rprd2 and Ddx5, but not Khsrp, was markedly decreased in hIL-32α-Tg-mice LCA compared to non-Tg mice LCA ( Fig. 8E; Supplementary Fig. 10A ). This result was further confirmed in hIL-32α expression vector-transfected ECs in vitro (Fig 8F,  Supplementary Fig. 10B ), suggesting that IL-32α may inhibit Dgcr8-and Dicer1-dependent miR-205 biogenesis by regulating Rprd2 and Ddx5 expression.
Although RPRD family genes, including Rprd2, are involved in transcription by interacting with RNA polymerase II [41, 43] , which transcribes miRNAs, their roles in miRNA biogenesis have not been reported yet. Therefore, we examined the involvement of Rprd2 in miR-205 biogenesis and found that its knockdown resulted in the decreased the expression of both precursor and mature miR-205 in ECs (Fig. 8G) , increased Timp3 and Reck expression (Fig. 8H) , and the inhibitory effects of IL-32α on monocyte-EC binding and VSMC proliferation and migration ( Supplementary Figs.  11A, B) . These results suggested that Rprd2 regulates miR-205 biogenesis and its biological functions.
Additionally, we observed that expression of exoribonuclease XRN1-a recently identified non-canonical pathway miRNA processor [34] -was decreased in LCA endothelium by partial ligation and rescued in IL-32α-Tg mice ( Supplementary Fig. 12A ). This observation suggested that IL-32α may regulate the expression of other miRNAs by influencing Xrn1-dependent non-canonical miRNA biogenesis. Consistent with the notion, we found decreased expression of miR-712-an atypical miRNA derived from 45S pre-ribosomal RNA (RN45S) via a XRN1-dependent non-canonical processing-in hIL-32α-Tg mice LCA endothelium as compared to non-Tg mice (Supplementary Fig. 12B ). Interestingly, miR-712 was previously identified as a murine homologue of miR-205 and shown to induce vascular inflammation, atherosclerosis, and AAA by targeting Timp3 and Reck [33, 34] . This raises the possibility that IL-32α could inhibit vascular inflammation, vascular wall thickening, and atherosclerosis by inhibiting pro-atherogenic miRNA biogenesis through Rprd2-Dgcr8/Ddx5-Dicer1-dependent canonical and XRN1-dependent non-canonical pathway regulation. To the best of our knowledge, this is the first report demonstrating that IL-32α can regulate miRNA expression through both the canonical and non-canonical miRNA biogenesis pathways.
Human IL-32α inhibits atherosclerosis development in ApoE
− / − mice Finally, we tested the role of IL-32α in atherosclerotic plaque development in the carotid arteries of ApoE −/− /hIL-32α-Tg mice and ApoE −/− /non-Tg littermates using an acute partial ligation model of atherosclerosis [30, 34] . As expected, partial ligation of the LCA rapidly induced atherosclerosis in ApoE −/− /non-Tg littermate control mice given a high-fat diet by 2 weeks post-ligation, whereas the contralateral RCA remained lesion-free (Figs. 9A, B) . In comparison, ApoE −/− /hIL-32α-Tg mice showed significantly less lesion development (Figs. 9A, B, E, F) . Moreover, PCNA and MOMA2 immunostaining revealed increased atherosclerosis and leukocyte infiltration in the LCA of ApoE −/− /non-Tg mice, respectively, but staining for both markers was dramatically lower in ApoE −/− /hIL-32α-Tg mice (Figs. 9C, D) . We further confirmed that Timp3 and Reck expression was higher in ApoE −/− /hIL-32α-Tg mice than in ApoE −/− /non-Tg littermate controls (Figs. 9G, H;  Supplementary Fig. 13 ), consistent with our observations in hIL-32α-Tg mice. Furthermore, increased MMP and ADAM activity was observed in the LCA of ApoE −/− /non-Tg controls, but strongly blunted in ApoE −/− /hIL-32α-Tg mice (Fig. 10A, B) . In addition, we found that the administration of rhIL-32α protein (1 μg/mouse) potently inhibited atherosclerotic lesion development (Figs 11. A-D) and leukocyte infiltration (Fig. 11E) , and increased Timp3 (Fig. 11F) and Reck (Fig. 11G ) expression in the LCA of ApoE −/− /non-Tg mice. Collectively, these results provide strong evidence for a direct hierarchical link connecting IL-32α with Timp3 and Reck and their effects on MMP activity, EC inflammation, arterial wall thickening, and atherogenesis. 
Discussion
Although the association of IL-32 with vascular inflammation and atherosclerosis has been suggested previously [13, 15, 16] , compelling evidence for its functional role and the underlying mechanism has been scarce, largely because of a lack of adequate animal models and methods to test these functions in vivo. In the current study, we employed a partial carotid ligation mouse model that rapidly induces gene expression changes, endothelial inflammation, and atherosclerosis [30, 31, 44] . We also used a powerful method to extract endothelial RNA from the mouse carotid intima [30] , which enabled us to perform genome-wide studies to identify IL-32α-regulated genes in hIL-32α-Tg mice. Additionally, we generated ApoE −/− /hIL-32α-Tg-mice to provide direct evidence for the inhibitory role of IL-32α on atherosclerosis development in vivo.
While investigating the role of IL-32α in vascular inflammation and atherosclerosis, IL-32α was initially identified as an anti-inflammatory isoform based on its effects on inflammatory marker expression and leukocyte adhesion in TNFα-stimulated ECs in vitro.
We further found that PDGF-BB-induced cell proliferation and migration were decreased in primary-cultured aortic VSMCs from hIL-32α-Tg mice. Subsequent in vivo functional studies showed that hIL-32α expression potently inhibits vascular inflammatory gene expression and arterial wall thickening in the mouse partial carotid ligation model. Furthermore, the results from ApoE −/− /hIL-32α-Tg mice and rhIL-32α-administrated ApoE −/− mice provided clear evidence that IL-32α potently blocks atherosclerosis by inhibiting cell proliferation and monocyte infiltration. These results suggested that IL-32α is an anti-inflammatory and anti-atherogenic cytokine that inhibits vascular inflammation and atherosclerosis. (A-C) ApoE −/− mice were pretreated twice with rhIL-32α (1 μg/mouse, administered by intraperitoneal injection) or PBS 1 and 2 days before partial ligation. Mice were then fed a high-fat diet and rhIL-32α treatments were administered every 2 days for 2 weeks. Aortic trees including the carotid arteries were dissected and examined by bright-field imaging, and the lesion area was quantified in C (data shown as mean ± SEM; n = 5, *p < 0.05 as determined by Student's t-test). Scale bar, 1 mm. (B) Frozen sections prepared from the lesion area of LCA, denoted by red arrows in A, were stained with oil red O and plaque size was quantified in D (data shown as mean ± SEM; n = 5, *p < 0.05 as determined by Student's t-test). Scale bar, 100 μm. (E-G) LCA frozen sections were used for immunostaining with antibodies against (E) MOMA2, (F) Timp3, and (G) Reck. Images shown are representative microscopy images (n = 5 each). The red rectangle indicates the magnified area shown in the lower panel. Nuclei (blue) and protein expression (brown) are shown. Scale bar, 100 μm.
To investigate the anti-inflammatory and anti-atherogenic mechanisms of IL-32α, we performed in vivo endothelial DNA microarray experiments to identify IL-32α-regulated genes using the partial carotid ligation mouse model and the endothelial RNA extraction method. We used endothelial-enriched RNAs rather than whole aortic wall samples containing RNA from multiple cell types including ECs, VSMCs, and immune cells to reduce the variation among different samples, which could largely dictate the outcomes of the array results depending on the proportions of cell types in each tissue sample. From this, we identified 369 genes (33 up-regulated and 336 down-regulated) that changed significantly at 48 h after partial ligation in the hIL-32α-Tg mice LCA endothelium compared with the control non-Tg LCA. Furthermore, in silico analyses demonstrated that hIL-32α potently suppresses co-expression gene networks associated with immune and inflammatory response, cell migration, and apoptosis in the inflamed endothelium. In addition, comparative network analysis between our microarray experiment and previously published results from TNFα-treated HUVECs suggested that IL-32α directly regulates the expression of genes related to immune and inflammatory responses. This is the first genome-wide DNA microarray study revealing the gene expression changes in response to IL-32α expression in vivo.
One of the interesting findings of this study was the observation that pro-atherogenic genes were downregulated, whereas anti-atherogenic genes were upregulated in the hIL-32α-Tg mice LCA endothelium. In particular, Timp3 and Reck are vascular protective genes that inhibit EC inflammation, endothelial permeability, and ECM remodeling by inhibiting metalloproteinases-such as MMP2/9, ADAM10, ADAMTS4, and ADAM17-that are well-established disease mediators in atherosclerosis and AAA [33, 34, [45] [46] [47] [48] . Timp3 has been identified in atherosclerotic plaque macrophages between in the necrotic/lipid-rich core and the protective fibrous cap [49] , and consequently plays a protective role against plaque rupture and AAA by suppressing local proteolysis [50] . VSMC migration from the medial layer to the intima along with ECM remodeling are results of the dynamic balance of matrix synthesis and degradation and associated with MMP activity and their respective endogenous inhibitors including Timp3 and Reck [51] . In vascular remodeling, MMPs not only synthesize ECM, but also induce ECM degradation and remodeling, as well as VSMC proliferation and migration [52] . However, the interaction between the MMPs and Timp3/Reck are not well described and the subject of active investigation. Furthermore, a correlation between IL-32α treatment and Timp3 and Reck expression has not previously been reported. In the present study, we found that Timp3 and Reck expression increased in hIL-32α-expressing mice arteries and in response to rhIL-32α treatment. In further experiments, we found that the inhibitory effects of IL-32α on ADAM17 and MMPs were blunted by the knockdown of Timp3 and Reck, which blocked the inhibitory role of IL-32α on EC inflammation and VSMC proliferation and migration. These results suggest that IL-32α inhibits EC inflammation, VSMC activation, and atherosclerosis by upregulating of Timp3 and Reck expression.
Over the last decade, cytokines have been found to modulate the functions of ECs, VSMCs, and macrophages by interacting with miRNAs to influence vascular inflammation and atherosclerosis [53] [54] [55] [56] [57] . IL-32 also has been reported to interact with miRNAs including miR-205, miR-663, miR-675, and hcmv-miRUL112-1 [36, 58] . Interestingly, miR-205 reportedly interacts with IL-32 in prostate cancer cells [36] and was identified as a key player in EC inflammation, AAA, and atherogenesis [33, 34, 59 ]. In addition, previous studies demonstrated that increased arterial miR-205 expression enhances EC inflammation, AAA, and atherosclerosis by suppressing Timp3 and Reck, leading to MMP and ADAM activation [33, 34] . However, the correlation between IL-32α and miR-205 in vascular inflammation and atherosclerosis has not previously been studied. In the current study, we showed that hIL-32α overexpression significantly decreased endogenous miR-205 expression, although the biological function of an exogenous miR-205 mimic was unaltered by hIL-32α expression. We further found that miR-205 was processed via a Rprd2-Dgcr8/Ddx5-Dicer1 axis-dependent canonical miRNA biogenesis pathway, which was effectively suppressed by IL-32α in inflamed ECs. Moreover, we demonstrated that IL-32α suppressed Rprd2-dependent miR-205 biogenesis and thereby increased Timp3 and Reck expression. Thus, these findings strongly suggested that IL-32α preserves Timp3 and Reck expression and functions by inhibiting miR-205 expression by regulating the Rprd2-Dgcr8/Ddx5-Dicer1 axis-dependent miRNA biogenesis pathway.
Intriguingly, although IL-32 has been identified as a pro-inflammatory cytokine [60] , its anti-inflammatory function in diverse diseases has been reported with some conflicting findings [18, 19, 23, [61] [62] [63] . In previous studies, we also demonstrated an inhibitory role of the IL-32 isoforms (α, β, γ) in inflammatory diseases [19, 21] , cancer [61, 62, 64, 65] , and liver damage [18, 23] . Interestingly, a previous study suggested a paradoxical dual function of IL-32γ in colitis [66] . Similarly, although IL-32β and IL-32γ have been proposed as a pro-atherogenic cytokine [16, 26] , our current study provides strong evidence that IL-32α is an anti-inflammatory and vascular-protective cytokine that exerts inhibitory effects on EC inflammation, arterial wall thickening, and atherosclerosis by reducing miR-205 biogenesis through regulating miRNA biogenesis pathways, which in turn protects Timp3 and Reck expression. In addition, IL-32α inhibits the proliferation and migration of VSMCs, contributing to the prevention of atherosclerosis. These findings thereby provide novel mechanistic insights into the inhibitory role of IL-32α on vascular inflammation and atherosclerosis and demonstrate for the first time that IL-32α has a regulatory role in miRNA biogenesis. Therefore, the knowledge gained from this work could be translatable to humans, providing potential clinical relevance for IL-32α as a diagnostic and therapeutic protein in atherosclerosis.
